Pleistocene basaltic lava dams and outburst-flood deposits in the western Grand Canyon, Arizona, have been correlated by means of cosmogenic 3 He ( 3 He c ) ages and concentrations of SiO 2 , Na 2 O, K 2 O, and rare earth elements. These data indicate that basalt clasts and vitroclasts in a given outburst-flood deposit came from a common source, a lava dam. With these data, it is possible to distinguish individual dam-flood events and improve our understanding of the interrelations of volcanism and river processes. At least five lava dams on the Colorado River failed catastrophically between 100 and 525 ka; subsequent outburst floods emplaced basalt-rich deposits preserved on benches as high as 200 m above the current river and up to 53 km downstream of dam sites. Chemical data also distinguishes individual lava flows that were collectively mapped in the past as large long-lasting dam complexes. These chemical data, in combination with age constraints, increase our ability to correlate lava dams and outburst-flood deposits and increase our understanding of the longevity of lava dams. Bases of correlated lava dams and flood deposits approximate the elevation of the ancestral river during each flood event. Water surface profiles are reconstructed and can be used in future hydraulic models to estimate the magnitude of these large-scale floods.
Introduction
The Uinkaret volcanic field in the western Grand Canyon region of northwestern Arizona ( fig. 1 ) erupted many times in the Tertiary and particularly in the late Quaternary. Billingsley and Hamblin (2001) mapped the distribution of basalt flows in this field but recognized only select Quaternary flows. Hamblin (1994) mapped at least 13 lava dams between river miles (RM) 179 and 189 on the Colorado River in western Grand Canyon, with K-Ar ages that ranged from 100 ka to 1.8 Ma (McKee et al. 1968; Dalrymple and Hamblin 1998) ; however, nine of these ages are between 430 and 600 ka (Dalrymple and Hamblin 1998) , and all of the measured dam remnants exhibit normal paleomagnetic polarity (Hamblin 1994) . New Figure 1 . Geologic map of volcanic landforms and outburst-flood deposits associated with basaltic lava dams in western Grand Canyon, Arizona (adapted from Huntoon et al. 1981) . Qbws1 p older Whitmore Sink lava flow; Qbws2 p younger Whitmore Sink lava flow; Qbwc1 p older Whitmore Cascade lava flow; Qbwc2 p younger Whitmore Cascade lava flow; Qbe1 p older Esplanade lava flow; Qbe2 p younger Esplanade lava flow; Valley TVF p Toroweap Fill lava flow. Patterns on map are used only to distinguish map units from one another on a gray color scale map.
tively. The bases of most lava dams are at, near, or below current river level; after the destruction of each lava dam, the Colorado River eroded down to its original profile but no farther (Hamblin 1994 Ar; Pederson et al. 2002) 57 97 ‫ע‬ 32 and are 36, 7, and 14 m, respectively, above current river level. This may reflect long-term incision that was perturbed by the presence of lava dams. Incision rates reportedly range from 70 to 90 m/Ma downstream of the Hurricane/Toroweap fault zone (Lucchitta et al. 2000; Pederson et al. 2002) . Fenton et al. (2002) presented a conceptual model for lava-dam instability and failure that suggests at least two lava dams failed catastrophically, releasing high-magnitude floods into the narrow canyon downstream, which resulted in thick outburstflood deposits that are composed of 180% basalt boulders and cobbles. These deposits were previously mapped as basalt-rich terrace gravels (Huntoon et al. 1981; Lucchitta et al. 2000) . Whether any of the lava dams lasted long enough to allow the deposition of lacustrine deposits in their upstream reservoirs is uncertain, since deposits from deepwater lakes linked to lava dams have not yet been verified in Grand Canyon (Kaufmann et al. 2002) . Dalrymple and Hamblin (1998) propose that each dam lasted no longer than 20 ka.
Western Grand Canyon outburst-flood deposits are very similar in appearance and cannot be distinguished on the basis of stratigraphy and appearance alone. Fenton et al. (2002) identified two outburst-flood events on the basis of 3 He c ages and chemical compositions of basalt glasses and whole rock basalts in the flood deposits. They further suggested that individual basalt flows in the Uinkaret volcanic field should have distinct chemical signatures that would allow correlation of clasts between lava flow and outburst-flood deposit. New mapping and chemical data provide strong evidence for at least five lava-dam outburst-flood events preserved in terraces throughout western Grand Canyon ( fig. 2) .
In this article, we document the extent of deposits resulting from five lava-dam failures and suggest correlations between these flood deposits and lava flows and dam remnants on the basis of field evidence, cosmogenic 3 He ( 3 He c ) ages, and concentrations of SiO 2 , Na 2 O, K 2 O, and rare earth elements (REE) in basalt glass and whole rock basalt. We demonstrate that REE patterns can be used to (1) help separate and reclassify lava-dam outburstflood deposits that have similar major-element compositions, (2) identify common sources for glass and boulders in a given deposit, (3) distinguish or suggest correlations among lava flows of similar ages, and (4) suggest source-product relations between lava-dam remnants and outburst-flood deposits. These geochemical tools greatly improve the correlation and interpretation of late Quaternary basalt flows, lava-dam remnants, and lavadam outburst-flood deposits in western Grand Canyon.
Methods
We mapped and investigated 49 discontinuous lavadam outburst-flood deposits between RM 185 and 222. Because these deposits are very similar in appearance and cannot be distinguished on the basis of stratigraphy and appearance alone, we collected rock samples for geochemical analyses and 3 He c dating. In this study, we focus on the geochemical and cosmogenic data that permitted us to distinguish five individual lava-dam failures and their related floods. We have provided generalized stratigraphic sections at five different localities between RM 185 and 222 ( fig. 2 ) to illustrate the relations among the deposits and underlying lava-dam remnants. Fenton et al. (2002) provide detailed sedimentological descriptions of the outburst-flood deposits. Point counts were conducted on the surfaces and natural vertical exposures, where possible, of Holocene Colorado River gravels and Pleistocene outburst-flood deposits ( fig. 3 ) using the sampling method of Wolman (1954) . The 10 largest boulders and/or megaboulders (110-m b-axis diameter; Sundell and Fisher 1985) in each deposit were also measured. The megaboulder data and the basalt content of the outburst-flood deposits and Holocene river gravels are published in Fenton et al. (2002) . Holmes et al. (1978) . c Reported in Fenton et al. (2001 Fenton et al. ( , 2002 (Hamblin 1994) . g McIntosh et al. (2002) . Black Ledge sample was collected at RM 208. h W. C. McIntosh (pers. comm., 2001) and Pederson et al. (2002) . Samples collected from the Gray Ledge flow were collected near RM 188. The Toroweap Dam (flow A) 40 Ar/ 39 Ar age estimate comes from a sample that was collected from a lava flow at RM 177L whose base is 31.2 m above river level, roughly the same elevation as Toroweap flow A at RM 179; these two flows are probably equivalent. i Hamblin (1989) . Sample location is given as RM 192. No specific basalt unit is specified, but it may be the Gray Ledge on the basis of Hamblin's (1994) mapping. j Dalrymple and Hamblin (1998) . k Sample collected from a Massive Diabase unit (RM 195; W. C. McIntosh, pers. comm., 2001) . l No specific basalt unit was specified, but the sample may have been collected from the Massive Diabase dam at RM 206 (Wenrich et al. 1995) . m 39 Ar/ 40 Ar ages analyzed at the New Mexico Geochronological Research Laboratory. Whitmore Cascade data reported in Fenton et al. (2002) . Black Ledge sample was collected at RM 189.5L. n McKee et al. (1968) . o Age estimate based on 44 m of vertical displacement and an average displacement rate of 110 m/m.yr. or the Toroweap fault (Fenton et al. 2001) . p Hamblin (1994) . q Lucchitta et al. (2000) . Black Ledge samples collected in Granite Park .
On the basis of the conceptual model of lava-dam failure proposed by Fenton et al. (2002) , we hypothesize that outburst-flood deposits related to a specific lava-dam failure should contain basalt clasts and vitroclasts that have chemical signatures similar to one another and to the source dam, within the uncertainty of the technique and allowing for natural chemical variations within a lava flow. Fenton et al. (2002) All 3 He c , REE, and electron microprobe samples were collected, prepared, and analyzed as described in Fenton et al. (2002) . Samples were taken from stable, level surfaces in outburst-flood deposits and lava flows that exhibit well-developed desert pavement and varnish, features that indicate surface stability (Wells et al. 1995) . 3 He c samples were collected from exposed basalt boulder surfaces, primary flow structures, and/or desert pavements from outburst-flood deposits and lava-dam-forming basalt flows. Deposits that were covered with alluvium from adjacent hillslopes or adjacent outburst-flood deposits were not sampled for 3 He c dating because burial affects exposure ages.
3
He c Dating Techniques. 3 He c is ideal for dating young basalts because it is a stable isotope with the highest production rate of any cosmogenic nuclide (Kurz 1986; Cerling 1990 ) and leakage of 3 He c from olivines is minimal at surface temperatures (Cerling 1990 ). This method is particularly useful for dating basalt flows in western Grand Canyon because they contain abundant olivine phenocrysts (Cerling et al. 1999; Fenton et al. 2002) . 3 He c has been used extensively to determine exposure ages of a variety of Quaternary surfaces, including basalt flows, flood deposits, and associated desert pavements (Cerling 1990; Anthony and Poths 1992; Poreda and Cerling 1992; Cerling and Craig 1994; Laughlin et al. 1994; Wells et al. 1995; Cerling et al. 1999; Fenton et al. 2001) .
The amount of in situ 3 He c is directly related to the length of time a rock has been exposed to cosmic rays (Craig and Poreda 1986; Kurz 1986; Lal 1987) . The production rate of 3 He c is controlled by elevation, latitude, and shielding of a sample. Shielding results from surrounding topography (i.e., hillslopes, cliff ledges), burial of a surface by sediment, or self-shielding. Production of 3 He c decreases exponentially with depth but is thought to be relatively constant in the top 4 cm of a surface (Cerling and Craig 1994) . As elevation and latitude increase and as shielding decreases, the production rate of in situ 3 He c increases. Variations in the geomagnetic field also affect the production rate; the production rate is higher during periods of a weaker magnetic field (Cerling and Craig 1994) . Four main processes contribute to the total helium mass in a rock: (1) air contamination, (2) radioactive decay and associated nuclear reactions, (3) mantle-gas contamination, and (4) cosmic-ray interaction (Mamyrin and Tolstikhin 1984) .
The cosmogenic component is calculated by subtracting the mantle, air, and radiogenic values from the total 3 He in a sample using 3 3 3 3 3 He p He Ϫ He Ϫ He Ϫ He ,
where the subscripts c, tot, m, a, and r refer to the cosmogenic, total, mantle, air, and radiogenic 3 He components, respectively. The contribution of radiogenic 3 He/ 4 He is significant in old rocks with young exposure ages (!10-20 ka) but is not significant for young basalts from the Uinkaret volcanic field (Cerling et al. 1999) .
Olivine separates from rock samples were analyzed for 3 He/ 4 He content on the noble gas mass spectrometers at the University of Utah (MAP 215-50) and the University of Rochester (VG 5400). Cerling and Craig's (1994) Glass was collected from pillow basalts at the base of two lava dams and from hyaloclasites in 49 individual sites in discontinuous outburst-flood deposits. The glass samples were analyzed on the Cameca SX-50 electron microprobe at the University of Utah for Si, K, and Na (table 2). Glasses were collected from various vertical and lateral locations in each outburst-flood deposit. Appendix C in the online edition of the Journal of Geology and from the Data Depository at the Journal of Geology office lists the locations and elevations where basalt Taylor and McClennan (1985) .
The Black Ledge, Gray Ledge, Massive Diabase, Upper Prospect, Whitmore, Toroweap, Toroweap Valley Fill, and Esplanade lava flows and lava dams were mapped and named by Hamblin (1994) . We have informally named the outburst-flood deposits and other lava flows and lava dams not previously named. Locations of these volcanic landforms are given by RM according to Stevens (1983) and are designated as either river left (L) or river right (R) facing downstream.
Sedimentology of Lava-Dam Outburst-Flood Deposits
Outburst-flood deposits are found only downstream of lava dams in western Grand Canyon (Lucchitta et al. 2000; Fenton et al. 2002) and are significantly different from typical Pleistocene and Holocene Colorado River gravels. Fenton et al. (2002) used the following criteria to distinguish between lava-dam outburst-flood deposits and typical Holocene and Pleistocene river gravels. The latter have a quartz-sand matrix and contain sandstone and limestone clasts from local Paleozoic rock sections and clasts of a variety of quartzite, porphyritic, and other igneous clasts from extralocal origin. Clasts, including sand grains, are rounded to well rounded and moderately to well sorted ( fig. 3a ).
Holocene river gravels have a maximum of 60% basalt, and the amount of basalt decreases in a downstream direction away from the dam sites (Fenton et al. 2002) . Point data do not show any significant difference in clast size between Holocene gravels and outburst-flood deposits other than the degree of sorting. Holocene gravels exhibit better sorting and have a smaller percentage of finegrained ( ) material ( fig. 3a) . Outburst-flood def ≤ 4 posits contain boulders ranging in size from 5-to 35-m b-axis diameter (Fenton et al. 2002) . The largest clasts found in western Grand Canyon Holocene gravels were 5 m or less in diameter and were likely contributed to the mainstem river by nearby tributary canyons (Fenton et al. 2002) .
Outburst-flood deposits (1) are 82%-98% basalt boulders and cobbles; (2) lack quartz river sands but contain hyaloclastite (basalt glass) matrix and hyaloclastite tuffs indicative of lava-water interaction; (3) . These characteristics distinguish the deposits from typical Colorado River gravels or basalt-rich channel fill. The monolithological nature of the deposits strongly suggests that the basalt clasts in each flood deposit had a lava-dam point source; it is unlikely normal watershed processes would concentrate abundant basalt clasts (182%) in a basalt-glass matrix yet exclude other Colorado River watershed lithologies, including quartz river sands.
Other basalt-rich gravels in western Grand Canyon appear to be related to normal streamflow processes and are different from gravels we recognize as being related to lava-dam failures. For example, at RM 188 under the Gray Ledge lava flow ( fig. 5a ), gravels contain as much as 83% basaltic clasts and possess strong imbrication and well- sorted, well-rounded cobbles to small boulders with a quartz-sand matrix. The base and top of the gravels are 7 and 14 m above current river level. These gravels lack most of the aforementioned features found in lava-dam outburst-flood deposits and were likely deposited in the Colorado River channel bed as the free-flowing river excavated lava flows, lavadam remnants, and/or preexisting outburst-flood deposits.
Geochemical Signatures of Lava-Dam Outburst-Flood Deposits
Total alkali ( ) and silica (SiO 2 ) concen-
trations in glass in hyaloclastites initially classify all outburst-flood deposits into groups of alkali olivine basalt (AOB I and AOB II) and tholeiitic basalt (THOL I; 8 ). Samples in group AOB I were collected from three depositional units. Two of these had been recognized in the field as distinctly different units. It was difficult to determine in the field whether the third unit was conclusively related or unrelated to one of the former two units. We relied on REE concentrations of clasts in these deposits to aid us in our correlation efforts. REE data and age constraints further divide group AOB I into subgroups AOB Ia, Ib, and Ic (figs. 5, 6; table 2).
REE contents illustrate that vitroclasts and whole rock basalt clasts in given depositional units are chemically related and permit us to assign discontinuous flood deposits to specific depositional units. REE concentrations of hyaloclastites and boulders in Qfd1, Qfd4, and Qfd5 indicate chemical similarities between the vitroclasts and basalt cobbles and boulders within each unit. In addition to ubiquitous SiO 2 , Na 2 O, and K 2 O concentrations in vitroclasts in a given unit, REE data indicate that whole rock basalt clasts and hyaloclastites in a flood deposit could have had the same lava-dam source ( fig. 10 ). These chemical data strongly suggest that the lava-dam sources for each flood deposit had identifiable chemical signatures that are Outburst-flood deposits are assigned to one of the following depositional units: Qfd1, Qfd2, Qfd3, Qfd4, and Qfd5. These units correspond to chemical groups AOB Ia, AOB II, AOB Ib, THOL I, and AOB Ic, respectively. Total alkali and silica concentrations of basalt glasses collected from Qfd2 (AOB II) and Qfd4 (THOL I) deposits are distinctly different from one another and from units Qfd1, Qfd3, and Qfd5 in chemical group AOB I ( fig. 8) . Likewise, clasts from these units have different REE signatures (figs. 9, 10a). Basalts with common magma sources have overlapping or parallel REE patterns; parallel patterns occur as a result of fractionation (Humphris 1984) . REE patterns that cross, such as those belonging to clasts collected from units Qfd1 and Qfd3 ( fig. 10a ), indicate the basalts are chemically unrelated. In addition, the age of the Qfd1 unit is constrained by lava flows between 315 and 480 ka ( fig. 11) , and Qfd3 deposits are between 165 and 525 ka. Clasts from Qfd1 and Qfd5 have similar La/Sm and Gd/Lu ratios (fig. 9) ; however, field evidence and distinct age differences indicate that Qfd1 and Qfd5 are unrelated. The youngest outburst-flood deposits (Qfd5) yielded an average Ar age is ka (table 1) , mapped 315 ‫ע‬ 81 by Hamblin (1994) as part of the Whitmore Dam complex (fig. 11) ; we have informally named this basalt flow the Qbws1 (?) lava. Clasts in the deposit are 92% basalt, and the base and top are at 110 and 170 m above current river level, respectively. Clast size ranges from hyaloclastite ash and lapilli to a 6-m b-axis diameter limestone block; the largest basalt clast is 1.5 m in the b-axis diameter.
Whole rock basalt ( ) and vitroclasts ( n p 1 n p ) collected from the Qfd1 deposit have identical 2 REE patterns ( fig. 9 ). La/Sm and Gd/Lu values for these clasts range from 4.0 to 4.3 and from 2.5 to 2.6, respectively ( fig. 10a) fig. 2 ). Qfd2 deposits are between 10 and 20 m thick and are preserved at elevations ranging from 204 to 15 m above current river level. Clasts from Qfd2 have not been analyzed for REE content.
Qfd3 Outburst-Flood Deposit. Qfd3 deposits are preserved at maximum elevations of 74 and 89 m above current river level between RM 203 and 222. These gravels were mapped as part of a downcutting-aggradation cycle involving catastrophic volcanic events upstream that occurred between 525 and 600 ka (Lucchitta et al. 2000) . The gravels are 9-20 m thick and overlie a younger lava flow ( Fenton et al. 2002) . In addition, other 165 ‫ע‬ 18 age controls suggest that the deposits are older than 100 ka. Lucchitta et al. (2000) report stage III (100-250 ka) and V (∼525 ka) soil carbonates that are developed in locally derived limestone talus overlying parts of Qfd3 flood deposits between RM 207.3L and 208.7R. Three basalt boulders that yielded the youngest 3 He c ages-, , 59 ‫ע‬ 4 68 ‫ע‬ 5 and ka-were collected from a Qfd3 deposit 71 ‫ע‬ 5 at RM 204.4 deposit. There is a Quaternary landslide upslope of the RM 204.4 deposit; the minimum exposure ages may result from burial by landslide material and then reexhumation, but there is very little landslide material found in desert pavement on the surface of the deposit. It is more likely that the young ages are a result of degradation of the Qfd3 deposit possibly because of slopewash eroding away fine-grained material. Exposure ages of deposits between RM 206L and 207.3L are between 110 and 155 ka. The surfaces from which these samples were collected have subhorizontal surfaces with well-developed desert pavements and desert varnish; however, it is likely these age minima also represent degradation of Qfd3 deposits.
Boulders and glasses within Qfd3 deposits do not appear to be related magmatically (figs. 10, 11a; table 2; Fenton et al. 2002) . Although the boulders and glasses have similar Gd/Lu ratios, their La/Sm ratios are significantly different. Samples from Qfd3 deposits were collected in an area where the elevations of Qfd3, Qfd4, and Qfd2 deposits converge ( fig. 4) 216 ‫ע‬ 15 est exposure ages are attributed to degradation and erosion of Qfd4 surfaces, although all samples were collected from horizontal to subhorizontal surfaces with well-developed desert varnish and desert pavements. The oldest age ( ka) was rejected 216 ‫ע‬ 15 because a duplicate sample yielded an age of ka (app. A), and the younger of these two 161 ‫ע‬ 11 ages agrees with five other samples of similar exposure age. On the basis of the oldest exposure ages, it is possible that Qfd4 deposits are closer to 200 ka in actual depositional age and that the average exposure age is a minimum reflecting erosion and degradation of Qfd4 surfaces; however, Qfd4 deposits are inset against Whitmore Cascade lava flows and, thus, must be older than ka. 180 ‫ע‬ 6 Seven of 10 basalt boulders and seven glass samples collected from Qfd4 deposits are tholeiite (figs. 8, 10), and three of boulders are alkali olivine basalt ( fig. 10) . Fenton et al. (2002) identified two Qfd4 alkali olivine basalt boulders at RM 189.5L and 202R but identified a tholeiite glass sample in a Qfd4 outburst-flood deposit at RM 202R. They suggested that the boulders and glass were emplaced by separate, chemically unrelated events; however, the data in this study strongly suggest that Qfd4 basalt boulders and hyaloclastites are dominated by tholeiites and that the three alkali olivine boulders are older clasts that were incorporated into the Qfd4 outburst flood. One tholeiitic boulder was collected from the Qfd4 deposit at RM 204.6 that has the 100-ka-old strath terrace cut into it; hyaloclastites from this deposit are also tholeiitic ( fig. 9 ). This is consistent with the hypothesis that the outburst-flood deposit at RM 204.6L is related to other Qfd4 deposits that were emplaced at 165 ka (Fenton et al. 2002) . The strath terrace is preserved as a prominent, flat surface occurring at 36 m above current river level in the Qfd4 deposit, whose maximum elevation is 52.4 m above current river level. 125 ‫ע‬ 9 collected at RM 189.5L yielded ages ranging from 89 to 108 ka. All samples were collected from horizontal surfaces with well-developed desert pavements and desert varnish. The variation in ages likely represents erosion or degradation of Qfd5 deposits since deposition.
Several basalt glass samples from Qfd5 deposits yielded more scattered REE ratios than other depositional units, likely suggesting reworking of older alkalic-basalt clasts into the deposits. Only six glass samples yielded useful major element basaltglass data ( fig. 9 ). Qfd5 hyaloclastites are more scoriaceous and contain more olivine, pyroxene, and/ or plagioclase crystals than hyaloclastites in other flood deposits, making it difficult to analyze interstitial glass without contamination from surrounding minerals. This characteristic of the Qfd5 hyaloclastites distinguishes them from other deposits. Five of seven boulders collected from Qfd5 deposits between RM 188.5R and RM 189.5L are alkali olivine basalts and exhibit similar La/Sm and Gd/Lu ratios and total REE concentrations ( fig. 9 ; app. D). The data suggest the boulders likely came from the same lava dam. Of the other two boulders, one is tholeiite and the other alkali olivine basalt, although it has a significantly higher total REE content ( fig. 9 ; app. D); these two boulders are likely older clasts that were incorporated into the Qfd5 flood.
Western Grand Canyon Lava Dams
Whitmore Dam Complex. At least two vents, now covered by cinder cones near Whitmore Wash, produced lavas that flowed out of Whitmore Canyon into the mainstem Colorado River ( fig. 1) , forming lava dams that Hamblin (1994) Hamblin (1994) described river gravels and laminated deposits of tephra between RM 188.7L and 189.6L; we distinguish these gravels and tephra as Qfd1 and Qfd4 outburst-flood deposits that are interlayered with Whitmore flows. We differentiate at least five lava flows within this complex that have different ages and different chemical signatures, including the Qbwc1 flow, Whitmore Cascade (Qbwc2), Whitmore Sink lava flows (Qbws1 and Qbws2), and the Hyaloclastite Dam ( fig. 1) .
The Qbwc1 flow was incorrectly mapped as part of the Whitmore Cascade (Qbwc2, fig. 1 ) by Fenton et al. (2002) 161 ‫ע‬ 11 tively (Fenton et al. 2002) . These are minimum exposure ages that represent surfaces affected by either sediment burial or erosion, on the basis of the stratigraphic position of the Qbwc1 flow. Two of these ages were used in an average 3 He c age of ka ( ) of the Whitmore Cascade (Fen-177 ‫ע‬ 9 n p 10 ton et al. 2002) ; by removing these two ages from the calculations, we find that the Whitmore Cascade has an average exposure age of ka. 180 ‫ע‬ 6 Stratigraphic relations limit the age of the Qbwc1 flow to between 174 and 271 ka.
The two Whitmore Sink lava flows, Qbws1 and Qbws2, are alkali olivine basalts that erupted at the Whitmore Sink cinder cone ( fig. 1) derlying lava flow (Wells et al. 1995; Fenton et al. 2002) .
Different eruptive sources, La/Sm and Gd/Lu ratios ( fig. 10) fig. 1 ; Fenton et al. 2001) . Although it cannot be distinguished either in the field or through aerial photography, there must be a contact (arbitrarily assigned; fig. 1 ) between the Whitmore Cascade and Esplanade lava cascades (Qbe1; fig. 1 ) on the Esplanade platform between Toroweap Valley and Whitmore Wash.
At RM 188L, a slump block containing a remnant of the Hyaloclastite Dam ( fig. 1) is composed of interfingering layers of hyaloclastites, pillow basalts, and lava flows. No absolute ages exist for the Hyaloclastite Dam, and the stratigraphic position of the slump block is difficult to discern, but the dam appears to be inset against and younger than other lava flows (180-315 ka) also mapped in the Whitmore Dam complex. The Hyaloclastite Dam is tholeiitic and is not related to the Whitmore Cascade or Whitmore Sink lava flows of alkali olivine basalt. Whole rock and glass samples taken from the dam yielded La/Sm ratios of 2.4-3.9 and Gd/ Lu ratios of 1.6-1.7 ( fig. 10) . Variable La/Sm ratios may have resulted from palagonitization of basalt glass, which enriches light REE (Humphris 1984) .
On the basis of Ar ages, and stratigraphy, it is apparent that the Whitmore Sink lava flows (Qbws1 and Qbws2), Qbwc1, Whitmore Cascade (Qbwc2), and the Hyaloclastite Dam did not construct one large, long-lived Whitmore Dam complex as described by Hamblin (1994 fig. 1 ) overlying the Qbe1 cascades yielded an average 3 He c age of ka 139 ‫ע‬ 8 (table 1). The Qbe1 flow appears to be stratigraphically below the Qbe2 flow but yields a younger 3 He c age. Either this may be a result of erosion of the Qbe1 basalt flow surfaces that were dated or the Qbe1 flow is actually younger and juxtaposed against the Qbe2 flow in a drainage. Neither of these flows has been analyzed for REE. sometimes indistinguishable REE values ( fig. 12 ) and are correlated and distinguished on the basis of field evidence, 3 He c exposure ages, and REE data. Vulcans Footrest. A flow that erupted from the Vulcans Footrest cinder cone ( fig. 1 ) and an unnamed basalt flow north of Vulcans Throne have near-identical REE patterns ( fig. 12 ) and indistinguishable 3 He c ages of and ka, 208 ‫ע‬ 14 220 ‫ע‬ 20 respectively (table 1). It is likely that the Vulcans Footrest vent erupted at approximately 200 ka and lava flowed east and south down the drainage at the mouth of Toroweap Valley. Over time, the basalt flow was subsequently displaced 14 m by the Toroweap fault (Fenton et al. 2001 ). The upthrown lava flow blocked the drainage and allowed the accumulation of lake sediments west of the fault (Jackson 1990 (Dalrymple and Hamblin 1998 fig. 1 ) is a subhorizontal basalt flow preserved at the mouth of the modern Toroweap Valley drainage east of Vulcans Throne. The flow yielded two 3 He c ages of and ka and is stratigraphically 127 ‫ע‬ 9 ‫ע321‬ 9 older than Vulcans Throne, whose 3 He c age is 75 ka (Fenton et al. 2001) . The 3 He c ages of the Toroweap Valley Fill lava may be minima, possibly affected by erosion of the flow surface. The flow appears to be stratigraphically lower than the Vulcans Footrest lava flow (210 ka). There are no primary flow surfaces on the Toroweap Valley Fill lava; it is covered in a well-developed desert varnish. The Younger Cascade ( ka) and Whit-108 ‫ע‬ 11 more Cascade ( ka) both have abundant pri-180 ‫ע‬ 6 mary flow expressions such as pahoehoe features, pressure blisters, and tumuli (Fenton et al. 2002) . Flows older than ∼200 ka appear to lose their primary flow features and are covered by desert pavement. This suggests the Toroweap Valley Fill could be older than 200 ka.
The Upper Prospect and Toroweap Valley Fill lava flows have similar REE concentrations ( fig. 12 ) but distinctly different exposure ages, and they are Toroweap Terrace is a lava flow that caps a sequence of basaltic volcaniclasts and lava fill in a tributary drainage that incised through Toroweap Dam flows A, B, and C (Hamblin 1994, p. 50 Alibert et al. (1986) for the same lava flow ( fig. 6) . A lava-dam remnant near river level at RM 181R, previously mapped as an Esplanade dam remnant (Hamblin 1994) , has a K-Ar age of ka (Dalrymple 110 ‫ע‬ 53 and Hamblin 1998 is within the stratigraphic age constraints of the Qfd1 deposit; however, the REE patterns of the Toroweap Dam and the Qfd1 boulders are not parallel, and the dam and deposit are not likely to be chemically related ( fig. 10 ). On failure, the river may have been flowing on top of the Black Ledge flow ( ka; ∼60 m above current river level), but 511 ‫ע‬ 63 the channel may have been within 36 m above current river level on the basis of the elevation of the base of the Black Ledge flow.
Qfd2 Outburst-Flood Deposit. We have not analyzed Qfd2 deposits for REE content, and the majorelement concentrations of basalt glasses cannot be used alone to suggest a correlation with a lava dam. Thus, we have not yet identified the lava dam that failed and produced this flood deposit. On the basis of chemical signatures of basalt glasses and stratigraphy, we conclude that Qfd2 deposits between RM 185.7 and 195.2 were emplaced during a catastrophic lava-dam failure that occurred at 180-210 ka. At the time of the Qfd2 flood, the river channel was within 20 m of current river level, on the basis of the lowest Qfd2 exposure at RM 193.2L (app. D).
Qfd3 Outburst-Flood Deposits, the Toroweap Dam, and the Whitmore Cascade. Qfd3 deposits were emplaced at 155-525 ka and are preserved between RM 203 and 214. Stage III and V soil carbonates (100-250 ka and ∼525 ka, respectively) are developed in locally derived limestone talus overlying parts of Qfd3 flood deposits between RM 207.3L and 208.7R (Lucchitta et al. 2000 fig. 4) . It is also possible that one flood tapped separate basalt-clast sources along route. Detailed mapping and more extensive chemical characterization of Qfd3 deposits are needed to accurately establish whether two separate events are preserved.
The base of the Toroweap Dam is 30 m above current river level, and the base of the Massive Diabase, which could be as young as 140 ka, is 7 m above current river level and below the current water surface of the Colorado River. These elevations indicate the approximate position of the Colorado River bed about the time the Toroweap and Whitmore Cascade dams would have existed. Thus, the Toroweap and Whitmore Cascade Dams could have been 424 and 270 m high, respectively, on the basis of elevations of their outcrops near dam sites.
Qfd4 Outburst-Flood Deposit and the Hyaloclastite
Dam. La/Sm and Gd/Lu ratios of whole rock basalt and major-element analyses of basalt glasses from the Hyaloclastite Dam and Qfd4 deposits are very similar and suggest that this tholeiitic lava dam failed and produced the Qfd4 deposits (figs. 1, 4, 6, 13; table 2). These basalts are the only tholeiitic basalts yet found in western Grand Canyon. The base of the Hyaloclastite Dam is composed of 20 m of brecciated basalt, hyaloclastite ash and lapilli, and shattered pillow basalts. Such structures would have provided fractures and conduits for piping of reservoir waters through the dam. These features and the preservation of the dam in a slump block are consistent with the hypothesis that this dam was unstable. The Colorado River was a maximum of 20 m above current river level at the time of the Qfd4 flood. This is based on the lowest exposure (17 m above current river level) of a 110-mthick Qfd4 deposit that fills a paleochannel of the Colorado River at RM 194L. Hamblin (1994) believes the Whitmore Dam complex was being constructed as the Colorado River was pushed toward the east wall of the canyon ( fig. 1; , depositing river gravels (Qfd1, Qfd2, and Qfd4, this study) that were capped by or overlie Whitmore lava flows. He found no river gravels on the west side of the river within the Whitmore complex, but we have mapped Qfd2 and Qfd4 deposits at RM 189.8R ( fig. 1 ). La/Sm and Gd/Lu ratios of tholeiitic Qfd4 basalt boulders are significantly different from those of the Whitmore Cascade (Qbwc2) and Whitmore Sink (Qbws1 and Qbws2) basalts ( fig. 10 ). Qfd4 gravels are not related to lava dams constructed by the Whitmore Cascade or Whitmore Sink lavas, nor are they equivalent to Qfd1 or Qfd2 outburst-flood deposits found in the same area. Hamblin (1994) inferred that the Qfd4 gravels are remnants of the Colorado River bed preserved as construction of the Whitmore Dam pushed the river to the east. If such were the case, we would expect chemical signatures of the boulders in the deposit to match the composition of lavas coming from Whitmore Canyon. The strong similarities between the geochemical signatures ( fig. 10 ) and 3 He c ages of the Qfd5 flood deposit ( ka) and the Younger 104 ‫ע‬ 12 Cascade lava flow ( ka) strongly suggest 108 ‫ע‬ 11 they are related ( fig. 13 ). Although there are no preserved remnants of a dam constructed by the Younger Cascade (Hamblin 1994) , the cascade reached the river, on the basis of an outcrop of Hamblin's (1994, p. 71) Esplanade lava cascade at RM 181R that we have correlated with the Younger Cascade. The lack of dam remnants may represent postflood erosion, or it could support the hypothesis of lava-dam instability. The age of the Qfd5 flood deposit also overlaps the 3 He c age of the Esplanade lava cascade (Qbe1) at RM 182, although this is a minimum age. More accurate age constraints and REE analyses of the Qbe1 cascade are necessary to rule out the possibility of a correlation between the Qbe1 and Qfd5 landforms. The bases of the deposits are approximately 45 m above current river level; however, Qfd3 glasses were collected 33 m above current river level in an exposure in Whitmore Canyon, indicating that the Colorado River bed was at least within 33 m of its current elevation. Also, the Gray Ledge dam remnants indicate incision depths of 7 m above current river level at approximately 100 ka (table 1); Qfd5 deposits overlie the Gray Ledge remnants.
Conclusions
The Uinkaret Volcanic Field had great influence on the Colorado River during the Pleistocene epoch. Eruption of lava flows resulted in the damming of the Colorado River at least 13 times, and the failure of at least five of those dams resulted in cataclysmic floods whose records are preserved in deposits perched high (up to 200 m) above the Colorado River. The elevation of the Colorado River bed fluctuated during construction and destruction of lava dams but likely remained within 40 m of current river level at 100-600 ka.
Geochemical analyses of lava flows, lava dams, and outburst-flood deposits, combined with 3 He c dates, have greatly improved our ability to map the extent of Quaternary basalt flows, lava-dam remnants, and lava-dam outburst-flood deposits in western Grand Canyon. With these geochemical data, we are able to distinguish individual volcanic events that were otherwise mapped collectively, and we gain insight to the fluctuations of the Colorado River bed during that period of time. The ability to distinguish such events increases our understanding of the timing of construction and destruction of Pleistocene lava dams in western Grand Canyon. This information can be used in future studies to hydraulically model the catastrophic failure of each lava dam and to determine the magnitude of these large-scale outburst floods.
